Abstract. Laparoscopic surgery had a rapid development over the past decade. However, the view of the surgeon is limited to the image of the laparoscope. Augmented reality can provide further information to the surgeon by enabling a view inside the patient, and thus supporting a more precise and less invasive procedure. The limiting factors for realistic augmentation during liver surgery are movement and deformation of the organ due to respiratory motion. In our experiments we analyzed respiratory motion patterns of the liver caused by the respirator. Throughout our experiments we validated our assumption that repositioning after one breathing cycle is within a range of 1mm. For an optimal augmentation of the liver in the laparoscopic image we suggest to adjust the respirator thus that we have a static exhalation phase of two to three seconds on which our augmentation is performed.
Introduction
Augmented reality is a promising technology for enhancement of minimally invasive surgery, where the view of the region of interest is limited to the endoscopic/laparoscopic view [1, 2, 3] . In particular, the use of augmented reality for laparoscopic liver surgery could provide higher accuracy, better performance and eventually a decrease in operating time. The main idea is to guide the surgeon to the desired target region by an overlay of medical imaging, such as CT or MR, and/or planning data onto the real laparoscopic view.
Recent advances in augmented reality technology have led to promising solutions in terms of robustness, speed and accuracy for overlaying (virtual) medical data on the real view of non deforming patient's anatomy [4, 5] . A major obstacle for accurate augmentation in laparoscopic surgery is the organ deformation due to respiratory motion [6] . However, intraoperatively the patient is narcotized and the breathing is controlled by the respirator. We have analyzed the correlation between the configurations (input/output parameters) of the respirator and liver motion. We show that we can use this correlation to augment the laparoscopic image only in well defined stages of the respiratory cycle.
Purpose
The main idea is to reduce the perturbation of the augmentation by respiratory motion by augmenting the laparoscopic view at a given respiratory state. Current CT technology allows us to acquire data during patient's breath hold. In this case, intraoperatively the augmentation would occur only during the corresponding moment within the respiratory cycle. This could allow us to provide useful intraoperative augmentation results without real-time deformable registration of preoperative CT to intraoperative optical or US data. Beside laparoscopic surgery other potential applications of such respiratory gated augmentation include the guidance for needle biopsy and RF ablation of the liver [7] .
Methods
The analysis of the correlation between the respirator and liver motion was performed on 15 pigs. We attached three sensors of an electromagnetic tracking device (MiniBIRD 800 from Ascension) to specific points on the surface of the liver. The sensors are extended by a customized frame and sutured onto the liver. The transmitter was well positioned to cover the entire working volume and the use of ferromagnetic material in its local neighborhood was reduced to a minimum. The acquired data was analyzed by Explorative Data Analysis to deal with the relatively high number of noise and erratic in the measurement. The first step of the Explorative Data Analysis was a standard k-means clustering to distinguish between noise outliers and liver motion. For k=7 the cluster analysis produced the most distinct clusters. One cluster contains the relatively undisturbed liver motion data and the rest of the clusters represent the different kinds of noise and errors.
The next step of the data analysis was a qualitative analysis by means of self organizing feature maps [8] . These self organizing feature maps allow the evaluation of the quality of the single measurements as well as the evaluation of the data quality of the whole surgery. The last step of the data analysis was the evaluation of the frequency domain by applying the Fourier transformation on the spatial data.
In parallel to the data analysis, we started to implement an augmented reality system, which aims at augmenting the laparoscopic view only during the exhalation phase. The implemented software has only been applied on phantoms. The position and orientation of the laparoscopic camera (Telecam SL NTSC from Storz) is tracked by an external optical tracking system (Smarttrack2 from ART). We extended the camera by an arrangement of eight optical markers. The redundant arrangement of markers provides us with a larger working volume. For the calibration of the camera we use the Matlab Toolbox [9] . The spatial registration of the CT data from the liver phantom to the real phantom is performed by a standard 3D/3D registration algorithm [10] . The registered model is only visualized in the exhalation plateau. The results of the data analysis show that there is hardly any motion in the exhalation plateau of the different respiratory motion cycles. Therefore a periodic augmentation of liver within the exhalation plateau could provide satisfactory result.
Results
Three sensors of the tracking device where attached to the liver of 15 different pigs during experimental surgeries. Nine different arrangements of the sensors were applied during the course of this study. A minimum of five different measurements were performed for each arrangement. We considered only measurements that were located in the first cluster of the k-means clustering and had a good qualitative representation on the self organizing feature maps. Furthermore Fourier transform of the measurement must have one distinct global maximum and it must not be correlated by significant noise. Further analysis of these valid measurements allows the detection of the predominant factor of respiratory induced liver motion. This predominant factor is the respiration frequency controlled by the respirator. Moreover the analysis of the measurements shows that other factors like heart frequency for example have minor influence and cannot be sufficiently distinguished from other noise factors. Fig. 1 shows one particular measurement. In the upper row the sensor motion in spatial domain and below the frequency domain is shown.
Considering these results, we analyzed the respiration cycle controlled by a respirator. During expiration and inspiration phase the liver motion is maximal. Our results confirm the literature [11, 12] that in between the expiration phase and inspiration phase of a respiratory cycle there are two plateaus where almost no liver motion is noticeable. These two plateaus are the inspiration plateau and the expiration plateau. Our measurements show that after one respiratory cycle the Euclidean distance to the corresponding measurement of another cycle has a mean difference of 0.8mm with a standard deviation of 0.43mm. Fig. 2 shows the Euclidean distance of the measurements to the first positional measurement of the exhalation plateau. The length of the plateaus can be varied by changing parameters of the respirator. It is easier to enlarge the expiration plateau under standard respiration configuration. Therefore we used the exhalation plateau as the basic plateau phase for further applications. During this plateau there is only slight liver motion due to noise factors and information can be accurately projected by augmented reality.
The implementation of the augmented reality system shows good results in the camera calibration (0.3 pixel reprojection error) and reasonable results in the spatial registration (<0.8mm RMS). The duration of the augmentation phase can be flexible adjusted to the duration of the exhalation plateau. However this was only tested on phantoms. We recorded a video stream of a laparoscope with the motion of the liver where the laparoscope was mounted on a steady arm. Offline we augmented this video stream with a virtual model of the liver to test the effect of the partial periodic augmentation. This showed promising results in the visualization. In Fig. 3 the first screen shows the start of the exhalation plateau and the second screen shows the end of the exhalation plateau, where there is almost no motion. The third screen shows the start of the respiratory motion. In screen number four the motion amplitude is at a maximum (inhalation plateau, very short). The fifth screen shows the beginning of the next exhalation plateau which is exactly a one cycle shift from the first screen. The augmentation of the liver is only applied in the phase between the screens one and two. 
Conclusion
This paper first presents an exhaustive analysis of liver motion and its correlation with controlled respiration. It then aims at real-time augmentation of laparoscopic view by preoperative CT data. It proposes a gated augmentation solution as an alternative to realtime deformable registration followed by view augmentation. First results of the motion analysis and the implementation of gated augmentation show that a partial augmentation of the scene in the exhalation phase is a promising method for safe and precise intraoperative navigation. Further experiments are required in order to prove that this partial periodic augmentation is sufficient for clinical integration. However, our first feedback was that a precise partial augmentation is more valuable than a permanent augmentation without a perfect compensation of the organ motion. Following our phantom study, we are currently working on a complete respiratory gated augmentation system. The gated augmentation will be tested and further improved if necessary. The system will then be adapted for integration into the clinical workflow. Latest results will be reported during the conference.
